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a b s t r a c t
When analyzing complex biomechanical problems such as predicting the effects of orthopedic surgery,
subject-speciﬁc musculoskeletal models are essential to achieve reliable predictions. The aim of this
paper is to present the Twente Lower Extremity Model 2.0, a new comprehensive dataset of the
musculoskeletal geometry of the lower extremity, which is based on medical imaging data and
dissection performed on the right lower extremity of a fresh male cadaver. Bone, muscle and
subcutaneous fat (including skin) volumes were segmented from computed tomography and magnetic
resonance images scans. Inertial parameters were estimated from the image-based segmented volumes.
A complete cadaver dissection was performed, in which bony landmarks, attachments sites and lines-of-
action of 55 muscle actuators and 12 ligaments, bony wrapping surfaces, and joint geometry were
measured. The obtained musculoskeletal geometry dataset was ﬁnally implemented in the AnyBody
Modeling System™ (AnyBody Technology A/S, Aalborg, Denmark), resulting in a model consisting of 12
segments, 11 joints and 21 degrees of freedom, and including 166 muscle–tendon elements for each leg.
The new TLEM 2.0 dataset was purposely built to be easily combined with novel image-based scaling
techniques, such as bone surface morphing, muscle volume registration and muscle–tendon path
identiﬁcation, in order to obtain subject-speciﬁc musculoskeletal models in a quick and accurate way.
The complete dataset, including CT and MRI scans and segmented volume and surfaces, is made available
at http://www.utwente.nl/ctw/bw/research/projects/TLEMsafe for the biomechanical community, in order
to accelerate the development and adoption of subject-speciﬁc models on large scale. TLEM 2.0 is freely
shared for non-commercial use only, under acceptance of the TLEMsafe Research License Agreement.
& 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Musculoskeletal models of the lower extremity represent a
valuable tool to explore various biomechanical problems, where
accurate knowledge muscle and joint reaction forces is necessary.
At the turn of this century, Rik Huiskes was one of the initiators to
link musculoskeletal models with ﬁnite element models in a
European project entitled 'Pre-clinical testing of cemented hip
replacement implants: Prenormative research for a European
standard'. In that project a consortium of academic and industrial
partners tried to establish simpliﬁed and validated loading proto-
cols to be used as input for ﬁnite element models and experi-
mental testing set-ups. The project was rather successful although
the protocols were not accepted as tests by the ISO-standardizing
committee. It was concluded that there was still a lot of work to be
done to improve the robustness of the ﬁnite element simulations
and the applicability of the experimental protocols. Nevertheless,
Rik was very satisﬁed with the results of the project as it gave a lot
of information to unravel the failure scenarios that were involved.
Typically Rik, with many others, was not interested in the
individual patient, but focused more on the general phenomena
which dominated failure of these implants. However, times are
changing and over the last 10 years the demand to explain
differences amongst patients has grown tremendously. Hence,
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the modeling community is challenged to incorporate the huge
variability amongst patients in terms of anatomy, activity levels,
loading conditions, etc. To do that, patient-speciﬁc musculoskele-
tal modeling tools need to be developed and this paper contributes
to that goal. We can only guess how Rik would feel about this
development of patient-speciﬁc simulations. One thing is for sure:
without his work on hip biomechanics, we would not be at this
stage where we are able to utilize these new modeling tools to
assess biomechanical issues at the hip joint for an individual
patient.
In the past, musculoskeletal models of the lower extremity
have been used in several disparate disciplines, such as in
orthopedic surgery to simulate the effects of joint replacements
(Delp et al., 1994; Piazza and Delp, 2001) and tendon transfers
(Piazza et al., 2003; Reinbolt et al., 2009); in neurology to model
the effects of a stroke (Higginson et al., 2006), disorders of the
central nervous system (Steele et al., 2012; Van der Krogt et al.,
2013), and spinal cord injuries (Paul et al., 2005; To et al., 2005); in
sport to optimize athletes performances (Pandy et al., 1990;
Rasmussen et al., 2012), and analyses and prevent injuries
(McLean et al., 2003; Manal and Buchanan, 2005); or in ergo-
nomics for prevention of work-related musculoskeletal disorders
(Wu et al., 2009).
Unfortunately, the reliability of force predictions is affected by
the accurateness of many model inputs. In particular, one of the
most sensitive parameters of the musculoskeletal geometry is
represented by muscle moment arms (Hoy et al., 1990; Out et al.,
1996), whose estimation depends on the identiﬁcation of the
muscle–tendon lines-of-action (Rohrle et al., 1984; Pal et al.,
2007); moreover, errors in the estimated position of muscle
attachment sites have been shown to affect muscle force predic-
tions (Carbone et al., 2012).
To represent different subjects, simple linear scaling laws are
usually applied to generic models, which are based on one or more
cadaver specimens (Delp et al., 1990b; Klein Horsman et al., 2007;
Arnold et al., 2010). However, these scaling procedures do not take
into account the inter-individual variability present in musculos-
keletal geometry (White et al., 1989a; Duda et al., 1996). For these
reasons, subject-speciﬁc models have been shown to be necessary
when exploring complex biomechanical problems, such as repre-
senting pathologies in the musculoskeletal anatomy and predict-
ing the outcome of orthopedic surgery (van der Krogt et al., 2008;
Lenaerts et al., 2009; Scheys et al., 2009; Taddei et al., 2012).
Constructing subject-speciﬁc models without intensive manual
intervention represents a signiﬁcant challenge. Indeed, several
recent studies have focused on developing such subject-speciﬁc
models based on imaging or functional measurements (Blemker et
al., 2007; Scheys et al., 2011; Hainisch et al., 2012; Hausselle et al.,
2014) but their clinical application on a large scale has not been
demonstrated.
An interesting approach to obtain subject-speciﬁc models is to
register or morph the medical images of the subject to a previously
built template or atlas, containing muscle–tendon attachment sites
and lines-of-action (Pellikaan et al., 2014), or muscle volumes
(Carbone et al., 2013). However, no musculoskeletal model in
literature is linked to such a template or atlas. The Twente Lower
Extremity Model (Klein Horsman et al., 2007) represents so far the
most complete and consistent dataset of the lower extremity,
including both musculoskeletal geometry and muscle–tendon archi-
tecture based on one single cadaver specimen. Unfortunately, lack of
detailed medical images of that cadaver specimen makes it impos-
sible to apply any image-based subject-speciﬁc scaling technique.
The aim of this paper is to present a new comprehensive
musculoskeletal geometry dataset of the lower extremity, based on
medical images and dissection measurements of a single cadaver
specimen. This dataset, named Twente Lower Extremity Model 2.0,
consists of a coherent set of medical imaging data (CT and MRI),
segmented bone, muscle and subcutaneous fat (including skin)
volumes, coordinates of muscle attachment sites and lines-of-action,
ligament attachment sites and lines-of-action, bony wrapping sur-
faces, and joint centers and axes of rotation. TLEM 2.0 was purposely
built to be easily combined with image-based scaling techniques, in
an attempt to accelerate the application of subject-speciﬁc models.
The complete dataset is made freely available at http://www.utwente.
nl/ctw/bw/research/projects/TLEMsafe to the scientiﬁc community to be
used for non-commercial use only, under acceptance of the TLEMsafe
Research License Agreement.
2. Methods
2.1. Cadaver specimen
Measurements were performed on the right lower extremity of a fresh cadaver
(male, white, age 85 years, estimated mass 45 kg), with no clear pathologies
affecting the musculoskeletal system. The leg length, measured from the anterior
superior iliac spine to the medial malleolus, was 813 mm.
In the specimen we distinguished 6 segments: pelvis, femur, patella, tibia
(including ﬁbula), talus and foot (consisting of hindfoot, midfoot and phalanges).
During the whole measurement session, the foot bones were ﬁxed to each other
and the foot was ﬁxed to a wooden plate, in order to avoid internal movements.
2.2. Medical imaging
Prior to the dissection of the specimen, computed tomography (CT) and
magnetic resonance images (MRI) of both lower extremities, from the most
proximal extremity of the iliac crest to the most distal tip of the foot, were
acquired at the Department of Radiology of the Radboud University Medical Center
(Fig. 1A). For the CT, a Siemens SOMATOMs Sensation 16 Scanner (Siemens AG,
Munich, Germany) was used, with voxel size of 0.977 mm0.977 mm0.75 mm.
For the MRI, T1 weighted axial spin echo (SE) scan was taken using a Siemens 3T
MAGNETOMs Skyra (Siemens AG, Munich, Germany), with different slice thickness
between series covering the joint regions (3 mm) and series covering the shaft of
femur and tibia (8 mm), and an in-plane resolution of 1 mm1 mm. To improve
the quality of the images and avoid crystallization damage of soft tissues, the scans
were performed before freezing of the cadaver specimen.
2.3. Cadaver measurements
After thawing of the cadaver, a complete dissection of the lower extremity
specimen was performed at the Department of Anatomy of the Radboud University
Medical Center. The cadaver was divided at the level of L5, then the two lower
extremities were separated. The right lower extremity specimen was not ﬁxed in a
speciﬁc position, so that segments and joints could be moved freely (except for the
foot being ﬁxed to a wooden plate) in order to facilitate the measurements. First,
skin and subcutaneous fat were removed (Fig. 1B). Then, reference frames with
retro-reﬂective markers were attached to the pelvis, femur, patella, tibia and foot
segments. The Brainlab Kolibri™ image-guided surgery platform (Brainlab AG,
Munich, Germany) was used to measure the position of points in three-
dimensional space with respect to the corresponding reference frame ﬁxed to the
bones. This 3-D navigation system had a spatial accuracy of 0.23170.137 mm
(RMS7SD) and an average orientation error of 0.3831 (Wiles et al., 2004).
2.3.1. Muscle attachment sites, lines-of-action, mass and volume
For each muscle, fat at the intermuscular connection was removed, resulting in
muscles that were only connected to the bones at origin and insertion. After the
identiﬁcation, each muscle was excised and contours of its origin and insertion
were measured with the Brainlab Kolibri™ system (Fig. 1C). The number of points
measured to deﬁne each muscle attachment site depended on its shape and size. In
total, 55 muscle actuators were analyzed, and 98 muscle–tendon attachment sites
were measured. In case of a curvature of the muscle line-of-action, via point and
underlying bone contours were measured. Then, tendon, remaining fat and
excessive connective tissue were removed from the dissected muscle. Muscle
weight was measured using a scale with an accuracy of 1.0 g. Muscle volumes were
measured using the water dislocation method, using a scaled cylinder with an
accuracy of 1.0 ml.
2.3.2. Joint geometry
After removal of all muscles, but with ligaments still intact, geometrical
behavior of hip, knee, patellofemoral, talocrural and subtalar joints were measured.
Each joint was manipulated by hand, the movement being limited by bone contact
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or ligaments. Throughout the complete joint range of motion, the position of three
points on the bone surface of the distal segment was measured in the reference
frame of the proximal segment.
2.3.3. Ligaments
Similarly to muscles, attachment sites and lines-of-action of 5 ligaments of the
hip joint (ischiofemoral, iliofemoral medial, iliofemoral lateral, pubofemoral and
ligament of the head of the femur) and 5 ligaments of the knee joint (tibial
collateral, ﬁbular collateral, anterior cruciate, posterior cruciate and patellar
ligament) were measured.
2.3.4. Bony landmarks and bone surfaces
After all the ligaments and remaining soft tissues had been removed, the bones
were separated and 22 bony landmarks were measured on the bone surface, based
on the deﬁnition by the Standardization and Terminology committee of the
International Society of Biomechanics (Wu et al., 2002). Finally, at least 100
additional registration points were collected on the complete surface of each bone
in order to facilitate accurate registration to segmented bone surface later.
2.4. Post processing
2.4.1. Image post-processing
Bone surfaces were automatically segmented from CT into STL ﬁles and
remeshed to obtain a higher resolution in regions with a high curvature. Muscle
volumes were segmented from MRI using a semi-automatic registration technique.
Subcutaneous fat and skin volumes were manually segmented from MRI. All the
image segmentation processing was performed using Mimicss 17.0 (Materialise N.
V., Leuven, Belgium).
2.4.2. Registration
To register the cadaver measurements to the CT-based bone surface STL ﬁles,
the iterative closest point method (Besl and Mckay, 1992) was used to minimize the
sum of the squared errors (SSE) between the registration points and the closest
points on the faces of the STL:
SSE¼
Xn
i ¼ 1
ðyi y^iÞ2
where yi represents the registration points, y^i represent the closest point on the
face of the STL to yi, and n represents the number of registration points. To improve
results, 5% of the worst registration points were rejected after the ﬁrst 50 iterations.
After registration, the measured bony landmarks and muscle attachment points
were projected to the closest point on the face of the STL.
2.4.3. Local reference frames
For each segment, the following local reference frames were deﬁned (see
Fig. 2):
 Pelvis
O: the origin coincident with the right (or left) hip joint. Z: the line parallel to
the line connecting the right and left anterior superior iliac spine, and pointing
to the right. X: the line parallel to a line lying in the plane deﬁned by the two
anterior superior iliac spines and the midpoint of the two posterior superior
iliac spines, perpendicular to the Z-axis and pointing anteriorly. Y: the line
perpendicular to both X- and Z-axis, pointing cranially.
 Femur
O: the origin coincident with the midpoint between the medial and lateral
epicondyles of the femur. Y: the line connecting the origin and the hip joint,
pointing cranially. Z: the line lying in the plane deﬁned by the medial and
lateral epicondyles of the femur and the hip joint, perpendicular to the Y-axis,
pointing to the right. X: the line perpendicular to both Y- and Z-axis, pointing
anteriorly.
 Patella
O: the origin coincident with the center of mass of the patella. X, Y, Z:
coordinate system parallel to the coordinate system of the femur when the
knee joint angle is equal to 01, with position and orientation of the patella
being estimated during cadaver dissection and using MRI.
 Tibia
O: the origin coincident with the midpoint between the tips of the medial and
lateral malleoli. Y: the line connecting the midpoint between the tips of the
medial and lateral malleoli, and the midpoint between the most medial point of
the medial condyle of the tibia and the most lateral point of the lateral condyle
of the tibia. Z: the line lying in the plane deﬁned by the most medial point of
the medial condyle of the tibia, the most lateral point of the lateral condyle of
the tibia and the midpoint between the tips of the medial and lateral malleoli,
perpendicular to the Y-axis, pointing to the right. X: the line perpendicular to
both Y- and Z-axis, pointing anteriorly.
 Talus
O: the origin coincident with the center of mass of the talus. X, Y, Z: coordinate
system parallel to the coordinate system of the tibia when talocrural joint angle
is equal to 01, with position and orientation of the talus being estimated during
cadaver dissection and using MRI.
 Foot
O: the origin coincident with the center of the subtalar joint. Y: the line
perpendicular to the plane deﬁned by the contact points of heel, ﬁrst
metatarsal and ﬁfth metatarsal, pointing cranially. X: the line perpendicular
to the Y-axis, pointing toward the contact point of the second metatarsal. Z: the
line perpendicular to both Y- and X-axis, pointing to the right.
2.4.4. Inertial parameters
Segment mass, center of mass, principal axes of inertia and principal moment of
inertia were calculated for each segment, based on the segmented bone, muscle and
fat volumes, using SolidWorkss 2013 (Dassault Systèmes S.A., Vélizy-Villacoublay,
France). The following average density parameters were used: bone 1500 kg/m3 for
bone, 1060 kg/m3 for muscle and 900 kg/m3 for fat. Inertial parameters were
calculated with respect to the local reference frames deﬁned above.
2.4.5. Modeling of muscle and ligament attachment sites and lines-of-action
To accurately describe their mechanical effect, muscle actuators were divided
into a sufﬁcient number of muscle–tendon elements, in accordance with the
original TLEM dataset (Klein Horsman et al., 2007). The contours of the measured
Fig. 1. Measurements performed on the cadaver specimen. A. CT scan (left) and MRI scan (right) of the lower extremities of the cadaver specimen, from the most proximal
extremity of the iliac crest to the most distal tip of the foot. B. Right lower extremity specimen after removal of skin and subcutaneous fat. The specimen was not ﬁxed in a
speciﬁc position, so that segments and joints could be moved freely (except for the foot being ﬁxed to a wooden plate) in order to facilitate the measurements. C. Dissection
session using the Brainlab Kolibri™ image-guided surgery platform (Brainlab AG, Munich, Germany). In this example, a reference frame with retro-reﬂective markers was
attached to the femur, and coordinates of muscle attachment sites were measured in three-dimensional space with respect to the reference frame ﬁxed to the bone. Frame
attachment pins remained ﬁxed throughout the measurement.
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muscle attachment sites were modeled either as points, straight or curved lines, or
areas, as described by Pellikaan et al. (2014); afterwards, all the modeled muscle
attachment sites were projected to the closest node point of the bone surfaces STL.
In case of curved muscle line-of-action, when the muscle was not free to shift
over the underlying structures, via points were deﬁned based on the measured
coordinates of the line-of-action, dividing the muscle in a series of straight line
segments.
When a free shift of the muscle over the underlying structure (usually bone)
was possible, cylindrical surfaces were deﬁned to represent the bony contours,
based on the measured muscle line-of-action and CT-based bone surfaces. Such
wrapping surfaces were deﬁned for gluteus maximus, iliopsoas, quadriceps femoris
and gastrocnemius.
Similarly to the muscle-tendon elements, ligaments were modeled as straight lines
and their attachment sites and via points modeled from the cadaver measurements.
2.4.6. Estimation of joint geometry
Hip rotation center was calculated based on a spherical ﬁt through the
trajectory of the femur with respect to the pelvis. Knee rotation center and axis
were calculated based on a cylindrical ﬁt through the trajectory of the tibia–ﬁbula
with respect to the femur. Patellofemoral rotation center and axis were calculated
based on a cylindrical ﬁt through the trajectory of the patella with respect to the
femur. Talocrural rotation center and axis were calculated based on a cylindrical ﬁt
through the trajectory of the talus with respect to the tibia–ﬁbula. Subtalar rotation
center and axis were calculated based on a cylindrical ﬁt through the trajectory of
the foot with respect to the talus. The accuracy of the ﬁtting was assessed with the
average root mean squared error (RMSE) of the acquired data points to the ﬁtted
sphere or cylinder.
2.5. Musculoskeletal model
The obtained musculoskeletal geometry dataset was implemented in the
AnyBody Modeling System™ ver. 6.0.3 (AnyBody Technology A/S, Aalborg, Den-
mark). The muscle–tendon architecture dataset was adapted from the original
TLEM dataset (Klein Horsman et al., 2007): nominal ﬁber lengths were individually
scaled, comparing the total length of the muscle–tendon elements in the original
TLEM and in the new TLEM 2.0 dataset; tendon slack lengths of each muscle–
tendon element were then calculated to reproduce the relative sarcomere length as
measured in the original TLEM dataset; physiological cross-sectional areas (PCSA)
were calculated taking into account the scaled nominal ﬁber lengths, the nominal
pennation angles, and the measured muscle volumes. Finally, the obtained
musculoskeletal model of the lower extremity was integrated with the full-body
model of the AnyBody Managed Model Repository™ ver. 1.6.4 (AnyBody Technol-
ogy A/S, Aalborg, Denmark). This integration involved connection to the upper
extremity spine model's geometry and muscles, using a set of morphing methods
so that the pelvic geometry of the upper extremity models, arising from a different
dataset, could ﬁt with the pelvic geometry of TLEM 2.0.
3. Results
The complete list of the measured muscle actuators is pre-
sented in Table 1. For each muscle actuator, the table contains the
number of muscle–tendon elements representing that muscle
actuator, the type of path line (straight line, passing through via
points or curving around a wrapping surface), how the origin and
insertion sites were modeled (point, line, or surface), and the
measured mass (g) and volume (ml). The dataset contains in total
55 actuators described by 166 muscle–tendon elements. In a
similar way, Table 2 contains the list of the measured ligaments.
Segmentation of 6 bone segments (pelvis, femur, patella, tibia
and ﬁbula, talus, and foot), 55 muscle volumes, and subcutaneous
fat (including skin) volumes were obtained from CT and MRI scans
(Fig. 3A).
Inertial parameters (segment mass, center of mass, principal
axes of inertia and principal moment of inertia) of each bone
segment and coordinates of 22 bony landmarks, with respect to
the relative local reference frame, are contained in Table A1 and
Table A2, respectively.
Table A3 and A4 contain the coordinates of origin, insertion and
via points of each muscle–tendon element and ligament, with
respect to the relative local reference frame.
The geometrical description of the cylindrical wrapping sur-
faces used to represent the curved line-of-action of gluteus
maximus, iliopsoas, quadriceps femoris and gastrocnemius mus-
cles is contained in Table A5.
Table A6 contains the estimated joint rotation centers and axes
expressed in the relative local reference frames. The average RMSE
ﬁtting errors were 0.86, 2.52, 1.83, 2.30 and 2.60 mm for the hip,
knee, patellofemoral, talocrural and subtalar joint respectively.
Fig. 3B shows the ﬁnal musculoskeletal model based on TLEM
2.0, implemented in the AnyBody Modeling System™ ver. 6.0.3.
The model consists of 12 body segments: head–arms–trunk,
pelvis, and right and left femur, patella, tibia, talus and foot. The
model comprises 11 joints: L5S1 and left and right hip, knee,
patellofemoral, talocrural and subtalar. The L5S1 and hip joints are
modeled as a ball-and-socket, deﬁned by a rotation center and
three orthogonal axes. The knee, patellofemoral, talocrural and
subtalar joints are deﬁned as a hinge, with a ﬁxed rotation center
and axis. The patellar tendon is deﬁned as a non-deformable
element that connects the patella to the tibia, therefore the
orientation and position of the patella depends solely on the knee
ﬂexion angle, without introducing an extra degree of freedom
(DOF). The orientation and position of the center of mass of the
pelvis with respect to a 3D global frame, together with the joint
rotations of the L5S1, hip, knee, talocrural and subtalar joints,
results in a model with 21 DOFs. The model contains 55 muscle
actuators, described by 166 Hill-type elements. Nominal ﬁber
length, tendon slack length, nominal pennation angle, and PCSA
of each muscle–tendon element is presented in Table A7.
The complete TLEM 2.0 dataset is freely shared with the
scientiﬁc community to be used for non-commercial use only.
The complete Electronic Appendix (Tables A1–A7) and the
Fig. 2. Local coordinate frames of the bone segments: A. Pelvis (ASIS: anterior superior iliac spine, PSIS: posterior superior iliac spine). B. Femur and patella (ME: medial
epicondyle of the femur, LE: lateral epicondyle of the femur). C. Tibia and talus (MC: most medial point of the medial condyle of the tibia, LC: most lateral point of the lateral
condyle of the tibia, MM: medial malleolus, LM: lateral malleolus). D. Foot (HC: heel contact point, 1C: ﬁrst metatarsal contact point, 2C: second metatarsal contact point, 5C:
ﬁfth metatarsal contact point).
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segmented bone surfaces are available at http://www.utwente.nl/
ctw/bw/research/projects/TLEMsafe under acceptance of the TLEM-
safe Research License Agreement. CT and MRI scans, and segmen-
ted muscle and subcutaneous fat (including skin) volumes are
available upon request to be sent to TLEMsafe Project coordinator,
Prof. Dr. Ir. Nico Verdonschot (n.verdonschot@utwente.nl), after
approval of the TLEMsafe consortium.
4. Discussion
In this paper, we presented the Twente Lower Extremity Model
2.0, a new comprehensive musculoskeletal geometry dataset of
the lower extremity. Most existing models have been based on one
or more cadaver studies to represent the musculoskeletal geome-
try of an average adult subject (Delp et al., 1990b; Klein Horsman
et al., 2007; Arnold et al., 2010), but no prior dataset in the
literature has been accompanied by detailed medical images and
post-processing data. To the best of our knowledge, TLEM
2.0 represents the ﬁrst consistent and most complete ‘atlas’ model,
which includes a set of CT and MRI scans, segmented bone, muscle
and subcutaneous fat (including skin) volumes, inertial para-
meters, coordinates of bony landmarks, muscle and ligaments
attachment sites and lines-of-action, bony wrapping surfaces, and
joint centers and axes of rotation.
TLEM 2.0 is freely shared so that the scientiﬁc community can
utilize the presented dataset for their own research purposes, for
instance to develop new personalization techniques, in order to help
Table 1
List of muscle actuators analyzed: number of muscle–tendon elements representing the muscle actuator, type of the path line (straight line (S), passing through via points
(VP) or curving around a wrapping surface (WS)), type of the origin and insertion sites (Point, Line (order), LineArea (order) or Area), mass (g) and volume (ml).
Muscle # Elements Type line Origin Insertion Mass (g) Volume (ml)
Adductor Brevis Distal 2 S Line (2) Line (1) 20 20
Adductor Brevis Mid 2 S Line (2) Line (1) 20 20
Adductor Brevis Proximal 2 S Line (2) Line (1) 20 20
Adductor Longus 6 S LineArea (2) Line (2) 67 66
Adductor Magnus Distal 3 S Line (2) Point 183 181
Adductor Magnus Mid 6 S Line (2) Line (2) 106 102
Adductor Magnus Proximal 4 S Line (2) Line (1) 30 30
Biceps Femoris Caput Breve 3 S Line (2) Point 61 60
Biceps Femoris Caput Longur 1 S Point Point 116 111
Extensor Digitorum Longus 4 VP Line (2) Point 36 35
Extensor Hallucis Longus 3 VP Line (3) Point 17 16
Flexor Digitorum Longus 4 VP LineArea (3) Point 26 25
Flexor Hallucis Longus 3 VP Line (2) Point 30 30
Gastrocnemius Lateralis 1 WS Point Point 54 54
Gastrocnemius Medialis 1 WS Point Point 111 107
Gemellus Inferior 1 S Point Point 2 –
Gemellus Superior 1 S Point Point 2 –
Gluteus Maximus Inferior 6 WS Area Line (1) 336 316
Gluteus Maximus Superior 6 WS Area Line (1) 134 130
Gluteus Medius Anterior 6 S Area Area 77 75
Gluteus Medius Posterior 6 S Area Area 154 150
Gluteus Minimus Anterior 2 S Area LineArea (2) 26 26
Gluteus Minimus Mid 2 S Area LineArea (2) 26 26
Gluteus Minimus Posterior 2 S Area LineArea (2) 26 26
Gracilis 2 S Line (1) Point 58 58
Iliacus Lateralis 2 WS Area LineArea (2) 30 29
Iliacus Medialis 2 WS Area LineArea (2) 30 29
Iliacus Mid 2 WS Area LineArea (2) 30 29
Obturator Externus Inferior 2 VP Line (3) Point 15 -
Obturator Externus Superior 3 VP LineArea (1) Point 26 -
Obturator Internus 6 VP Area Point 32 31
Pectineus 4 S Line (2) Line (3) 38 37
Peroneus Brevis 3 VP Line (3) Point 20 19
Peroneus Longus 3 VP Line (3) Point 43 42
Piriformis 1 S Point Point 26 25
Plantaris 1 WS Point Point 6 5
Popliteus 3 S Line (2) LineArea (3) 19 18
Psoas Major 5 WS – Point – –
Quadratus Femoris 4 S Line (1) Line (2) 34 33
Rectus Femoris 2 WS Point Line (2) 118 114
Sartorius 1 VP Point Point 101 98
Semimembranosus 3 S Line (2) Line (2) 120 116
Semitendinosus 1 S Point Point 111 106
Soleus Lateralis 3 S Line (2) Point 150 146
Soleus Medialis 3 S Line (3) Point 82 80
Tensor Fasciae Latae 2 S Line (2) Point 33 34
Tibialis Anterior 3 VP LineArea (2) Point 77 75
Tibialis Posterior Lateralis 3 VP Line (2) Point 45 43
Tibialis Posterior Medialis 3 VP Line (2) Point 45 43
Vastus Intermedius 6 WS Area Line (2) 104 101
Vastus Lateralis Inferior 6 WS Line (2) Line (3) 84 84
Vastus Lateralis Superior 2 WS Line (2) Point 338 330
Vastus Medialis Inferior 2 WS Line (3) Line (3) 47 46
Vastus Medialis Mid 2 WS Line (3) Line (3) 87 88
Vastus Medialis Superior 4 WS Line (2) Point 111 112
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to accelerate the development and adoption of subject-speciﬁc models
on large scale. For this reason, data not used yet in the presented
musculoskeletal model (such as fat and skin volumes, or ligament
attachment sites) was also included in the shared dataset. Further data
that was beyond the scope of this study, such as identiﬁcation of
muscle ﬁber direction, segmentation of articular cartilage and articular
capsule, or a more sophisticated and realistic description of the knee
joint and the foot model, could be also estimated in the future, in
order to extend and improve the TLEM 2.0 dataset. Nevertheless,
several limitations affect the presented dataset.
Firstly, medical images were taken with the cadaver in a supine
position, resulting in a compression of muscles and other soft
tissues in the gluteal region. Although unavoidable, we think that
this phenomenon had low effect on the calculation of the total
volume of muscle and fat tissue, and subsequently on the calcula-
tion of the inertial parameters of the pelvis segment. Furthermore,
muscle lines-of-action and bony wrapping surfaces were mea-
sured during the cadaver dissection, and were not affected by
tissue compression. However, we presume that future studies
attempting to estimate muscle ﬁber direction and moment arms
in the gluteal region, in particular for gluteus maximus, from the
TLEM 2.0 datasets could yield inaccurate results.
Secondly, similarly to the original TLEM (Klein Horsman et al.,
2007) and others lower extremity musculoskeletal geometry
dataset in literature (Delp et al., 1990a), TLEM 2.0 is based on a
single Caucasian white male cadaver. The wide inter-individual
anatomical variability in size and shape of muscle attachment sites
(White et al., 1989b; Duda et al., 1996) and the gender and ethnical
variation (Kepple et al., 1998) reported in literature suggest that
linear scaling of a model based on a single specimen may not be
representative for individual applications. In these cases, image-
based subject-speciﬁc models that take into account non-linear
differences are more advisable and could be used to create
additional ‘atlas’models in order to represent different age, gender
or ethnical variations.
Another limitation of this dataset is that parameters of the
muscle–tendon architecture were not measured on the cadaver
specimen. This would have required a much longer timespan to
perform the measurements, and was beyond the scope of this study.
We were aware of the fact that inaccuracies in muscle–tendon
Table 2
List of ligaments analyzed: number of elements representing the ligament, type of
the path line (straight line (S) or passing through via points (VP)), type of the origin
and insertion sites (Point or Line (order)).
Ligament #
Elements
Type
line
Origin Insertion
HIP
Ischiofemoral 2 S Point Line (2)
Iliofemoral medial 3 S Point Line (2)
Iliofemoral lateral 3 S Point Line (2)
Pubofemoral 3 S Line (2) Line (2)
Ligament of the head of the femur 1 S Point Point
KNEE
Tibial collateral 1 VP Point Point
Fibular collateral 1 VP Point Point
Anterior cruciate 2 S Point Point
Posterior cruciate 2 S Point Point
Patellar ligament 1 S Point Point
Fig. 3. A. Image-based segmentation using Mimicss 17.0 (Materialise N.V., Leuven, Belgium). From left to right: bone surfaces and single muscle volumes, muscle volumes
per segment, and subcutaneous fat and skin volumes per segment. B. TLEM 2.0 implemented in the AnyBody Modeling System™ ver. 6.0.3 (AnyBody Technology A/S,
Aalborg, Denmark). The obtained model consisted of 12 body segments (head–arms–trunk, pelvis, and right and left femur, patella, tibia, talus and foot), 11 joints (L5S1 and
left and right hip, knee, patellofemoral, talocrural and subtalar) and 21 DOFs.
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parameters (in particular tendon slack length) can largely affect
musculoskeletal model prediction (Scovil and Ronsky, 2006; Redl et
al., 2007). For this reason, the new cadaver study was planned so that
the resulting dataset was compatible with the original TLEM model,
which represents the most complete and consistent muscle–tendon
architecture dataset of the lower extremity to date. Moreover,
muscle–tendon parameters were not simply scaled linearly with
bone length, but they were individually adapted from the original
TLEM to the new TLEM 2.0, taking into account the non-linear
differences in bone size and muscle–tendon lengths, and preserving
the originally measured relative sarcomere lengths, in order to
guarantee consistency in muscle function between the two models.
It is important to note that TLEM 2.0 was not created with the
main scope to be used as a generic musculoskeletal model, but
was purposely built as a template to obtain subject-speciﬁc model.
The advantage of TLEM 2.0 is that it can be easily combined with
medical imaging scaling methods, allowing to create personalized
musculoskeletal geometry, including better estimation of muscle–
tendon total length, line-of-action and moment arm, that in turn
can allow to obtain better estimation of muscle–tendon para-
meters. For instance, several scaling techniques were developed
parallel to TLEM 2.0 within the TLEMsafe project. Pellikaan et al.
(2014) used a morphing based method to estimate the muscle
attachment sites of the lower extremity, based on TLEM 2.0 and a
second cadaver dissection dataset, showing that for 69% of the
muscle attachment sites the estimation error was smaller than
15 mm, and that the largest errors affected only the least sensitive
attachment sites. Then, Carbone et al. (2013) combined TLEM
2.0 with morphing of bone surfaces, non-rigid registration of
muscle volumes and functional optimization of muscle–tendon
architecture in a streamlined modeling workﬂow, showing that
subject-speciﬁc models resulted in more reliable outcome, while
conventional anthropometric scaling laws were inadequate and
caused unrealistic muscle activity predictions. Furthermore, the
combination of patient-speciﬁc joint and muscle forces models
with geometrically consistent bone geometry into ﬁnite element
analyses is expected to be essential in the near future for predict-
ing the individual functional outcome of patient treatments,
allowing for example to obtain a better prediction of bone density
remodeling and healing (Vahdati et al., 2014), or individualized
predictions of fracture risk or peri-prosthetic micromotions (van
der Ploeg et al., 2012). Moreover, the techniques applied to obtain
personalized musculoskeletal models could also be applied to
develop a population of subject-speciﬁc models to be used in
statistical shape modeling of bone geometry (Baldwin et al., 2010).
However, obtaining personalized models that accurately repro-
duce the musculoskeletal system and the force-generating char-
acteristics of a subject represents only one of several aspects to
consider when aiming at reliable model predictions. For example,
inverse dynamics-based simulations are sensitive to inaccuracies
in the measured kinematic and kinetic and data (Pàmies-Vilà et al.,
2012), and the resulting dynamic inconsistency can lead to
unrealistic model predictions (Kuo, 1998). Deriving the force plates
data from three-dimensional full-body motion (Robert et al., 2013;
Fluit et al., 2014a) represents a promising technique to both
improve the dynamic consistency as well as remove the model's
dependency on measured external forces. Moreover, for individual
applications such as prediction of functional outcome after a
complex orthopedic surgery, kinematic data of the patient are
missing and using pre-recorded measurements from different
subjects would lead to obvious inconsistency. Many forward-
dynamics methods to have been developed in recent years to
predict gait movements (Fluit et al., 2012; Wang et al., 2012), but
their complexity and large computational cost prevented their
application in a clinical setting. To deal with this restriction,
recently Principal Component Analysis (PCA) has been proposed
to interpret and evaluate gait data (Daffertshofer et al., 2004) and
predict new gait movements (Safonova et al., 2004; Fluit et al.,
2014b), by eliminating dependency on measured kinematic input
data. We expect such techniques to evolve in the near future,
increasing our conﬁdence in the individual predictions of muscu-
loskeletal models, and we believe that a consistent and compre-
hensive dataset like TLEM 2.0 represents the ideal foundation for
such complex applications.
Conﬂict of interest statement
The authors do not have any ﬁnancial or personal relationships
with other people or organization that could inappropriately
inﬂuence their work.
Acknowledgments
We gratefully acknowledge ﬁnancial support by the European
Commission FP7 Programme for the TLEMsafe project (http://
www.tlemsafe.eu/) (Grant agreement no: 247860).
Furthermore, heartfelt thanks to the Radiology Department and
the Anatomy Department of the Radboud University Medical
Center for their hospitality and helpfulness during the medical
imaging and cadaver measurements sessions.
References
Arnold, E., Ward, S., Lieber, R., Delp, S., 2010. A Model of the lower limb for analysis
of human movement. Ann. Biomed. Eng. 38, 269–279.
Baldwin, M.A., Langenderfer, J.E., Rullkoetter, P.J., Laz, P.J., 2010. Development of
subject-speciﬁc and statistical shape models of the knee using an efﬁcient
segmentation and mesh-morphing approach. Comput. Methods Programs
Biomed. 97, 232–240.
Besl, P.J., Mckay, N.D., 1992. A method for registration of 3-D shapes. IEEE Trans.
Pattern Anal. Mach. Intell. 14, 239–256.
Blemker, S.S., Asakawa, D.S., Gold, G.E., Delp, S.L., 2007. Image-based musculoske-
letal modeling: applications, advances, and future opportunities. J. Magn.
Reson. Imaging 25, 441–451.
Carbone, V., van der Krogt, M.M., Koopman, H.F.J.M., Verdonschot, N., 2012.
Sensitivity of subject-speciﬁc models to errors in musculo-skeletal geometry.
J. Biomech. 45, 2476–2480.
Carbone, V., van der Krogt, M.M., Vigneron, L.M., Schepers, J., Kolk, S., Koopman, H.F.
J.M., Verdonschot, N., 2013. A streamlined modeling workﬂow to obtain
subject-speciﬁc musculoskeletal models of lower extremity based on MRI scan
and dynamometry, Proceedings of the ISB 2013, XXIV Congress of the Interna-
tional Society of Biomechanics.
Daffertshofer, A., Lamoth, C.J.C., Meijer, O.G., Beek, P.J., 2004. PCA in studying
coordination and variability: a tutorial. Clin. Biomech. 19, 415–428.
Delp, S.L., Komattu, A.V., Wixson, R.L., 1994. Superior displacement of the hip in
total joint replacement: effects of prosthetic neck length, neck-stem angle, and
anteversion angle on the moment-generating capacity of the muscles.
J. Orthop. Res. 12, 860–870.
Delp, S.L., Loan, J.P., Hoy, M.G., Zajac, F.E., Topp, E.L., Rosen, J.M., 1990a. An
interactive graphics-based model of the lower extremity to study orthopaedic
surgical procedures. IEEE Trans. Biomed. Eng. 37, 757–767.
Delp, S.L., Loan, J.P., Hoy, M.G., Zajac, F.E., Topp, E.L., Rosen, J.M., 1990b. An
interactive graphics-based model of the lower extremity to study orthopaedic
surgical procedures. IEEE Trans. Biomed. Eng. 37, 757–767.
Duda, G.N., Brand, D., Freitag, S., Lierse, W., Schneider, E., 1996. Variability of
femoral muscle attachments. J. Biomech. 29, 1185–1190.
Fluit, R., Andersen, M.S., Kolk, S., Verdonschot, N., Koopman, H.F.J.M., 2014a.
Prediction of ground reaction forces and moments during various activities of
daily living. J. Biomech. 47, 2321–2329.
Fluit, R., Andersen, M.S., Van der Krogt, M.M., Verdonschot, N., Koopman, H.F.J.M.,
2014b. Optimal inverse dynamic simulation applied to a hip dysplasia patient,
Proceedings of WCB 2014, 7th World Congress of Biomechanics.
Fluit, R., van der Krogt, M.M., van der Kooij, H., Verdonschot, N., Koopman, H.F.J.M.,
2012. A simple controller for the prediction of three-dimensional gait.
J. Biomech. 45, 2610–2617.
Hainisch, R., Gfoehler, M., Zubayer-Ul-Karim, M., Pandy, M.G., 2012. Method for
determining musculotendon parameters in subject-speciﬁc musculoskeletal
models of children developed fromMRI data. Multibody Syst. Dyn. 28, 143–156.
Hausselle, J., Assi, A., El Helou, A., Jolivet, E., Pillet, H., Dion, E., Bonneau, D., Skalli,
W., 2014. Subject-speciﬁc musculoskeletal model of the lower limb in a lying
and standing position. Comput. Methods Biomech. Biomed. Eng. 17, 480–487.
V. Carbone et al. / Journal of Biomechanics 48 (2015) 734–741740
Higginson, J.S., Zajac, F.E., Neptune, R.R., Kautz, S.A., Delp, S.L., 2006. Muscle
contributions to support during gait in an individual with post-stroke hemi-
paresis. J. Biomech. 39, 1769–1777.
Hoy, M.G., Zajac, F.E., Gordon, M.E., 1990. A musculoskeletal model of the human
lower extremity: the effect of muscle, tendon, and moment arm on the
moment–angle relationship of musculotendon actuators at the hip, knee, and
ankle. J. Biomech. 23, 157–169.
Kepple, T.M., Sommer Iii, H.J., Siegel, K.L., Stanhope, S.J., 1998. A three-dimensional
musculoskeletal database for the lower extremities. J. Biomech. 31, 77–80.
Klein Horsman, M.D., Koopman, H.F.J.M., van der Helm, F.C.T., Prosé, L.P., Veeger, H.
E.J., 2007. Morphological muscle and joint parameters for musculoskeletal
modeling of the lower extremity. Clin. Biomech. 22, 239–247.
Kuo, A.D., 1998. A least-squares estimation approach to improving the precision of
inverse dynamics computations. J. Biomech. Eng. 120, 148–159.
Lenaerts, G., Bartels, W., Gelaude, F., Mulier, M., Spaepen, A., Van der Perre, G.,
Jonkers, I., 2009. Subject-speciﬁc hip geometry and hip joint center location
affects calculated contact forces at the hip during gait. J. Biomech. 42,
1246–1251.
Manal, K., Buchanan, T.S., 2005. Use of an EMG-driven biomechanical model to
study virtual injuries. Med. Sci. Sports Exerc. 37, 1917–1923.
McLean, S.G., Su, A., van den Bogert, A.J., 2003. Development and validation of a 3-D
model to predict knee joint loading during dynamic movement. J. Biomech.
Eng. 125, 864–874.
Out, L., Vrijkotte, T.G.M., Van Soest, A.J., Bobbert, M.F., 1996. Inﬂuence of the
parameters of a human triceps surae muscle model on the isometric torque-
angle relationship. J. Biomech. Eng. 118, 17–25.
Pal, S., Langenderfer, J.E., Stowe, J.Q., Laz, P.J., Petrella, A.J., Rullkoetter, P.J., 2007.
Probabilistic modeling of knee muscle moment arms: effects of methods,
origin-insertion, and kinematic variability. Ann. Biomed. Eng. 35, 1632–1642.
Pàmies-Vilà, R., Font-Llagunes, J.M., Cuadrado, J., Alonso, F.J., 2012. Analysis of
different uncertainties in the inverse dynamic analysis of human gait. Mech.
Mach. Theory 58, 153–164.
Pandy, M.G., Zajac, F.E., Sim, E., Levine, W.S., 1990. An optimal control model for
maximum-height human jumping. J. Biomech. 23, 1185–1198.
Paul, C., Bellotti, M., Jezernik, S., Curt, A., 2005. Development of a human neuro-
musculo-skeletal model for investigation of spinal cord injury. Biol. Cybern. 93,
153–170.
Pellikaan, P., van der Krogt, M.M., Carbone, V., Fluit, R., Vigneron, L.M., Van Deun, J.,
Verdonschot, N., Koopman, H.F.J.M., 2014. Evaluation of a morphing based
method to estimate muscle attachment sites of the lower extremity. J. Biomech.
47, 1144–1150.
Piazza, S.J., Adamson, R.L., Moran, M.F., Sanders, J.O., Sharkey, N.A., 2003. Effects of
tensioning errors in split transfers of tibialis anterior and posterior tendons.
J.Bone Jt. Surg.-Ser. A 85, 858–865.
Piazza, S.J., Delp, S.L., 2001. Three-dimensional dynamic simulation of total knee
replacement motion during a step-up task. J. Biomech. Eng. 123, 599–606.
Rasmussen, J., Holmberg, L.J., Sørensen, K., Kwan, M., Andersen, M.S., De Zee, M.,
2012. Performance optimization by musculoskeletal simulation. Mov. Sports
Sci.-Sc. Mot. 75, 73–83.
Redl, C., Gfoehler, M., Pandy, M.G., 2007. Sensitivity of muscle force estimates to
variations in muscle–tendon properties. Hum. Mov. Sci. 26, 306–319.
Reinbolt, J.A., Fox, M.D., Schwartz, M.H., Delp, S.L., 2009. Predicting outcomes of
rectus femoris transfer surgery. Gait Posture 30, 100–105.
Robert, T., Causse, J., Monnier, G., 2013. Estimation of external contact loads using
an inverse dynamics and optimization approach: general method and applica-
tion to sit-to-stand maneuvers. J. Biomech. 46, 2220–2227.
Rohrle, H., Scholten, R., Sigolotto, C., 1984. Joint forces in the human pelvis–leg
skeleton during walking. J. Biomech. 17, 409–424.
Safonova, A., Hodgins, J.K., Pollard, N.S., 2004. Synthesizing physically realistic
human motion in low-dimensional, behavior-speciﬁc spaces. ACM Trans.
Graph. 23, 514–521.
Scheys, L., Desloovere, K., Suetens, P., Jonkers, I., 2011. Level of subject-speciﬁc
detail in musculoskeletal models affects hip moment arm length calculation
during gait in pediatric subjects with increased femoral anteversion. J. Biomech.
44, 1346–1353.
Scheys, L., Loeckx, D., Spaepen, A., Suetens, P., Jonkers, I., 2009. Atlas-based non-
rigid image registration to automatically deﬁne line-of-action muscle models: a
validation study. J. Biomech. 42, 565–572.
Scovil, C.Y., Ronsky, J.L., 2006. Sensitivity of a Hill-based muscle model to
perturbations in model parameters. J. Biomech. 39, 2055–2063.
Steele, K.M., van der Krogt, M.M., Schwartz, M.H., Delp, S.L., 2012. How much
muscle strength is required to walk in a crouch gait? J. Biomech. 45,
2564–2569.
Taddei, F., Martelli, S., Valente, G., Leardini, A., Benedetti, M.G., Manfrini, M.,
Viceconti, M., 2012. Femoral loads during gait in a patient with massive skeletal
reconstruction. Clin. Biomech. 27, 273–280.
To, C.S., Kirsch, R.F., Kobetic, R., Triolo, R.J., 2005. Simulation of a functional
neuromuscular stimulation powered mechanical gait orthosis with coordinated
joint locking. IEEE Trans. Neural Syst. Rehabil. Eng. 13, 227–235.
Vahdati, A., Walscharts, S., Jonkers, I., Garcia-Aznar, J.M., Vander Sloten, J., van
Lenthe, G.H., 2014. Role of subject-speciﬁc musculoskeletal loading on the
prediction of bone density distribution in the proximal femur. J. Mech. Behav.
Biomed. Mater. 30, 244–252.
Van der Krogt, M., Seth, A., Steele, K., Bar-On, L., Desloovere, K., Harlaar, J., Delp, S.,
2013. A model of muscle spasticity in opensim. Gait Posture 38 (Suppl. 1), S16.
van der Krogt, M.M., Doorenbosch, C.A.M., Harlaar, J., 2008. Validation of ham-
strings musculoskeletal modeling by calculating peak hamstrings length at
different hip angles. J. Biomech. 41, 1022–1028.
van der Ploeg, B., Tarala, M., Homminga, J., Janssen, D., Buma, P., Verdonschot, N.,
2012. Toward a more realistic prediction of peri-prosthetic micromotions.
J. Orthop. Res. 30, 1147–1154.
Wang, J.M., Hamner, S.R., Delp, S.L., Koltun, V., 2012. Optimizing locomotion
controllers using biologically-based actuators and objectives. ACM Trans.
Graph. 31 (4) 25:1–11.
White, S.C., Yack, H.J., Winter, D.A., 1989a. A 3-dimensional musculoskeletal model
for gait analysis-anatomical variability estimates. J. Biomech. 22, 885–893.
White, S.C., Yack, H.J., Winter, D.A., 1989b. A three-dimensional musculoskeletal
model for gait analysis. Anatomical variability estimates. J. Biomech. 22,
885–893.
Wiles, A.D., Thompson, D.G., Frantz, D.D., 2004. Accuracy assessment and inter-
pretation for optical tracking systems. Proceedings of the Medical Imaging
2004: Visualization, Image-Guided Procedures, and Display, 5367; , pp.
421–432.
Wu, G., Siegler, S., Allard, P., Kirtley, C., Leardini, A., Rosenbaum, D., Whittle, M.,
D'Lima, D.D., Cristofolini, L., Witte, H., Schmid, O., Stokes, I., 2002. ISB
recommendation on deﬁnitions of joint coordinate system of various joints
for the reporting of human joint motion—Part I: ankle, hip, and spine.
J. Biomech. 35, 543–548.
Wu, J., Chiou, S., Pan, C., 2009. Analysis of musculoskeletal loadings in lower limbs
during stilts walking in occupational activity. Ann. Biomed. Eng. 37, 1177–1189.
V. Carbone et al. / Journal of Biomechanics 48 (2015) 734–741 741
